Introduction
Gap junctions provide the only route for direct exchange of cytoplasmic components with molecular weight of Ͻ1000 Da (1, 2) . Gap junctional intercellular communication (GJIC) has long been postulated to play an important role in the maintenance of homeostasis and the control of cell growth (3), therefore loss of GJIC has been considered to cause aberrant development and tumor formation (4) (5) (6) . Gap junctions consist of aggregated membrane channels, each channel being composed of two connexons, one from each of two juxtaposed cells. Each connexon consists of six connexin molecules. At least 13 different connexin (Cx) genes have been cloned from rodents. Expression of combinations between different connexins have been reported in different tissues (7) (8) (9) (10) (11) .
Accumulating evidence indicates that loss of GJIC in malignant transformed cells or tumor cells closely correlates to transcriptional down-regulation of certain tissue-specific Cx genes, which, after up-regulation of transcription, inhibit cell growth in some tumors (12) (13) (14) (15) (16) (17) (18) (19) . Hence, a tumor suppressor role of Cx genes has been postulated. This has not been assessed in lung carcinoma cells. We have previously reported that cultured normal human lung cells express Cx43 mRNA and exhibit functioning GJIC. In contrast, a highly metastatic human lung carcinoma cell line, PG, is incapable of GJIC (20) and Cx43 mRNA could not be detected by northern blot (21) . PG cells display phenotypes similar to the original giant cell carcinoma. In the present study, after transfection with exogenous Cx43 cDNA into PG cells, stable Cx43 expressing transfectant clones were obtained which exhibit GJIC. Comparative studies of these Cx43 transfectant clones with control clones demonstrates that up-regulation of Cx43 mRNA expression in PG cells results in marked suppression of growth both in vitro and in vivo. The possible mechanisms and significance of the tumor suppressing effect of Cx43 are discussed.
Materials and methods

Cell culture and gene transfection
The PG cell line (a gift from Dr B.Q.Wu, Department of Pathology, Beijing Medical University) was established from human lung giant cell carcinoma (20) . Cells were cultivated in RPMI 1640 medium (Gibco BRL, Grand Island, NY) complemented with penicillin-streptomycin and 10% fetal calf serum (FCS; Gibco BRL). Cell cultures were maintained in a 37°C incubator under a humidified 5% CO 2 atmosphere and were routinely subcultured by trypsinization. PG cells were transfected by Lipofectin reagent (Gibco BRL) with 2 µg of pLTR Cx43 DNA (14) plus 0.2 µg of pSV2 neo DNA per 35 mm diameter tissue culture dish in serum-free RPMI 1640 medium. After incubation at 37°C for 3-5 h, cells were incubated in RPMI 1640 supplemented with 10% FCS, penicillin-streptomycin for another 16-24 h. Control dishes were transfected with blank vector plus pSV2 neo. Transfected cells were then selected in culture medium containing G418 (Gibco BRL) (300 µg/ml). Cell colonies were formed in 2-3 weeks and were separated by using cylinder trypsinization method followed by further expansion and storage in liquid nitrogen.
Scrape-loading and dye transfer (SLDT) method for detection of GJIC
Approximately 10 6 cells were plated in 35 mm diameter plastic tissue culture dish overnight. On the next day, confluent monolayer cell dishes were used. After rinsing with phosphate-buffered saline (PBS), cell dishes were loaded with 0.05% Lucifer Yellow (Sigma, St Louis, MO) PBS solution and were scraped immediately with a scalpel. After 3 min at room temperature, cells were washed with PBS and monitored using an Olympus Epifluorescent microscope equipped with a blue filter (22) .
Immunocytochemical staining of Cx43 protein
Cells growing on cover-slips were fixed when subconfluent in 95% ethanol containing 5% (v/v) acetic acid for 20 min at -20°C, rinsed with PBS and incubated in a rabbit anti-Cx43 antiserum (14) for 1 h at 37°C. After washing with 0.5% Triton X-100/PBS for three changes, cells were incubated in fluorescein-conjugated goat anti-rabbit IgG (Jackson, West Grove, PA) for 1 h. This was followed by washing and nuclear staining in 4,6-diamidino-2-phenylindole (DAPI; Polysciences, Warrington, PA) (0.5 µg/l in 0.9% NaCl). Cover-slips were then mounted on to slides in 60% glycerol/PBS containing 2.5% 1,4-diazabicyclo (2,2,2) octane (DABCO; Sigma). Cells were examined with an epifluorescence microscope (Olympus) using filter sets that were selective for fluorescein or DAPI.
Cell growth rate (generation time t-test)
Approximately 1ϫ10 4 cells were plated per well of 24 well tissue culture plates. Beginning on the following day, cells were trypsinized and counted from duplicates every day for 5 days. Cell growth rate was represented as generation time (T n ϭ t/ln (N f /N i )/ln 2; where N i ϭ plating cell number; N f ϭ counting cell number at time t (24, 48, 72, 96 , 120 h); ln ϭ natural logarithm). Generation time T is the average of T n of 5 days (18, 19) .
Anchorage-independent growth assay
Approximately 500 cells from each clone were seeded in 0.5 ml of 0.3% soft agar (Agar Noble; Difco, Detroit, MI) in culture medium on a solidified (0.5% agar in medium) basal layer (0.5 ml) per well in 24 well tissue culture plates. At 10-14 days after seeding, the colonies containing at least 50 cells were counted in 6 wells/group.
Northern analysis
Total RNA of cell clones was extracted by a single-step technique. Aliquots of 10 µg of total RNA from each sample were separated by electrophoresis in denaturing glyoxal agarose gels. Gels were capillary blotted onto Hybond-N nylon membranes. Blots were pre-treated with 50% formamide, 0.05 M Na 2 HPO 4 (pH 7.4), 0.5 M NaCl, 1% SDS and 10 µg/ml herring sperm DNA for at least 20 h at 42°C. Hybridizations were performed using [ 32 P]dCTP random primer labeled Cx43 probes. Blots were then washed twice in 2ϫ standard saline citrate (SSC) and 1% sodium dodecyl sulfate (SDS) at 65°C for 80 min before exposure at -70°C to Hyperfilm-MP with an intensifying screen. Equivalent lane loading was verified by ethidium bromide staining, as well as staining the transferred membrane with methylene blue.
Tumorigenicity assay
Suspensions of 2ϫ10 6 cells from Cx43 transfected clones and control clones were prepared in PBS (200 µl) and were injected s.c. into the back of five athymic nude mice (BALB/c, Nu/Nu). A total of eight injection points per group were performed. The appearance of tumors in each mouse were individually monitored. Tumor growth was estimated by direct measurement (cm 3 ) every 3 days. Mice were killed and autopsied on the 28th day after injection. Tumor nodules were weighed and excised and examined histologically.
Results
Lack of expression of gap junctions in lung tumor PG cells
To assess functional GJIC, the scrape-loading and dye transfer (SLDT) assay was employed (22) . Lucifer Yellow fluorescence was not transferred in PG cells ( Figure 1A ). Immunocytochemistry revealed that PG cells were negative for Cx43 immunofluorescence ( Figure 2A ). Northern blots hybridized with the Cx43 cDNA probe demonstrated a 3.0 kb transcript expressed in rat heart tissue, which was undetectable in PG cells ( Figure 3 ). Taken together, these data confirm negligible gap junction expression in PG cells. In order to study whether inhibition of Cx43 transcription is responsible for dysfunction of GJIC in PG cells and thereby for the uncontrolled cell growth of these tumor cells, transfection of Cx43 cDNA into PG cells was carried out.
Isolation of Cx43 transfectant clones from PG cells
PG cells were co-transfected with a full-length Cx43 cDNA and the pSV2neo gene. Colonies resistant to G418 were isolated and screened by northern blot analysis ( Figure 3 ) and Cx43 immunocytochemistry. Among Cx43 transfectant clones that expressed differential levels of the Cx43 transcript, clone PG/C4 acquired the highest level of Cx43 mRNA as well as an epitheloid cell shape with well-defined cell-cell interfaces, which was very different from the parental PG cells. In order to eliminate possible effects from vector plasmid DNA and neo DNA on growth characteristics of transfectant cells, control clones transfected with blank plasmid plus neo cDNA were also isolated. All three control clones retained the same characteristics as the parental PG cells, lacking GJIC and Cx43 expression, as well as maintaining rounded cell shape, multilayer growth and weak attachment to the substratum. Based on the above observations, the Cx43 transfectant clone PG/C4 and the control clone PG/A3 were paired for further characterization studies.
Expression of Cx43 and GJIC in Cx43 transfectant clones
Results from northern blots show that Cx43-transfected PG cells (PG/C2-C6) express a 2.25 kb Cx43 transcript that corresponds to the coding sequence of the Cx43 cDNA (1.4 kb) plus a 0.85 kb of the SV40 splice and polyadenylation regions from pLTR (14) (Figure 3) . The 3.0 kb mRNA of the endogenous Cx43 transcript that is expressed in rat heart tissue is undetectable in transfected PG clones. This indicates that the transfected PG clones inherit the character of PG cells in their lack of endogenous Cx43 gene transcription. In addition, after transfection of exogenous Cx43, the endogenous Cx43 gene is not induced. Of the Cx43 transfectants, the PG/C4 clone exhibited highest expression.
Indirect immunofluorescent analysis of PG/C4 with antiCx43 antibody confirmed the results from northern blot analysis. Cx43 immunofluorescence decorated the cell-cell contact areas in a pattern of beaded lines. No such signals were detected in control PG/A3 cells, nor in parental PG cells (Figure 2) . The other Cx43-transfected clones also exhibited Cx43 immunoreactivity, although this was reduced and, in some cases, not localized as distinct plaques to the cell membrane. SLDT examination revealed that clone PG/C4 acquired a high capacity of dye-coupling; Lucifer Yellow fluorescence was transferred up to Ͼ5 orders of cells from the labeled cells at the scraped line. In contrast, the control clone PG/A3, like the parental PG cells, showed poor dye-coupling (Figure 1) . The other clones showed less dye-coupling: PG/C2 transferred dye up to 2-4 orders of cells, PG/C6 up to 2-3 orders of cells, and PG/C5 to Ͻ2 orders of cells. The above results were repeatable in more than three experiments and in different generations of subcultured cells from the third to as long as the 20th generation, thus providing strong evidence that PG/C4 is a stable Cx43 expressing transfectant clone of PG. In summary, clone PG/C4 expresses the Cx43 gap junction protein. Since control PG/A3 cells express neither the endogenous nor exogenous Cx43 transcript, the acquired high capacity of GJIC in PG/C4 clone can be attributed to the functional expression of exogenous Cx43.
In vitro growth capacity of Cx43 transfectant clones
Experiments were conducted by seeding 10 4 cells per well of 24 well tissue culture plates. Cell numbers were counted every day from duplicates of each group for 5 days. All examinations of in vitro growth characteristics were carried out exclusively in culture medium with 5% serum. 
Anchorage-dependent growth of PG/C4
A significant retardation of cell growth rate after transfection with Cx43 was demonstrated (Figure 4 ). Most Cx43 transfectants showed reduced growth, except for the lowest-expressing clone, PG/C5. The average generation time T, obtained based on cell counting data, for PG/C2 and PG/C4 was significantly different from T for the control PG/A3 clone. In addition to cell counting, it was observed that PG/C4 cells appeared to spread well in subconfluent culture, and tended to form welldefined cell-cell contacts, which assumed an epithelioid growth pattern ( Figure 5 ). Contact inhibition was observed in confluent cultures of PG/C4 cells. This pattern of cell growth was very different from that of control PG/A3 and the parent PG. The latter both exhibited a tendency to form multilayers and foci instead of spreading. Anchorage-independent growth capacity of PG/C4 Soft agar assay was carried out by seeding 500 cells per well of 24 well tissue culture plates, at six wells per group. After 14 days of seeding, visible foci were observed with control PG/A3 cells. Numbers of colonies (Ͼ50 cells/colony) were counted by blind test. The control PG/A3 group showed a high frequency of colony formation in soft agar (11.6%), which was comparable with the parent PG (data not shown). In contrast, the PG/C4 cells showed a frequency of colony formation of 1%, which was significantly lower than control (P Ͻ 0.001, Student's t-test). By combining these data with the anchorage-dependent growth inhibition of PG/C4 it can be seen that the malignant properties of PG/C4 cells are clearly reduced ( Figure 6 ). Approximately 2ϫ10 6 cells of each clone were injected subcutaneously into the back of nude mice of BALB/c Nu/ Nu background. Tumor growth rate was determined from measurements of tumors every 3 days beginning at the 8th day after injection. Animals were killed at the end of 4 weeks. To verify that tumor diameters measured externally were adequate assessments of tumor growth, net weight of each tumor was taken at the time of being killed. In vivo growth rate was shown by increasing tumor size (Figure 7) . PG/C4 exhibited a longer latent time of 3 days before tumor size reached 0.02 cm 3 . Tumors of control PG/A3 cells grew faster: they were three to four times larger than PG/C4 tumors, in average size as well as in average weight, by the time the mice were killed (Figure 8 ). This difference was significant between the two. The results also indicated a strong correlation between the two measurements used, tumor size and weight. Tumors formed by some of the other Cx43 transfected clones also tended to be smaller than tumors formed by PG and PG/A3 clones.
Tumorigenicity properties of Cx43 transfectant clones
To determine if PG/C4 and the control PG/A3 still maintain their basic gap junction expression states after longterm growth in vivo, portions of tumors from both groups were cryostat sectioned and reacted with anti-Cx43 antibody. Immunofluorescent observations demonstrated that PG/C4 cells still expressed abundant Cx43 protein distributed at membrane appositions and showed typical gap junction locations. Sections from control PG/A3 cells did not show Cx43 protein immunoreactivity (Figure 9 ).
From the above results, we can conclude that (i) PG/C4 acquired suppression of tumorigenicity in nude mice; and (ii) the suppression of tumorigenicity of PG/C4 cells is closely correlated with their improved functional expression of the gap junction protein Cx43.
Discussion
Among members of the multigene family encoding gap junction proteins, Cx43 is one that has been studied in detail (23). Cx43 is a major gap junction protein expressed in heart, muscle, brain, lung and other tissues (24) . The variation of Cx mRNA level in the process of development has been considered evidence to suggest important roles of each connexin in control of cell proliferation and differentiation (25, 26) . Downregulation of certain tissue-specific connexins and inhibition of GJIC in tumor cells supports this hypothesis (27) (28) (29) . It has been further strengthened by evidence from transfection experiments (12) (13) (14) (15) (16) (17) (18) (19) . Suppression of in vivo tumorigenicity was demonstrated in C6 glioma cells after transfection with Cx43 (13) . Retardation in cell growth and enhancement of myogenesis in human rhabdomyosarcoma cells after transfection with Cx43 have also been reported (18, 19) .
To identify the tumor suppressing role of Cx43, additional studies are needed in tumors from different tissues. Our evidence demonstrates that lung carcinoma PG cells contain very little detectable Cx43 mRNA and protein, and exhibit negligible GJIC. This is in agreement with a recent survey of a number of rodent and human lung carcinoma cell lines, where generally lower levels of Cx43 expression and GJIC were detected (30) . Where GJIC was apparent, this was restricted to tumor cells, and did not occur between tumor and normal lung cells. After Cx43 cDNA transfection into PG cells, the stable transfectant clones express Cx43 mRNA and protein, and also exhibit functional GJIC. Accordingly, we postulated that the Cx43 gene plays a central role in regulation of GJIC in lung cells. Consequently, down-regulation of Cx43 transcription is responsible for the loss of GJIC in PG tumor cells. Given our past observations from drug treatment experiments, close correlations between inhibition of tumor cell proliferation and improvement of GJIC has been established in PG cells (31). That up-regulated expression of GJIC was correlated closely with retardation of cell growth rate in Cx43 transfectant PG cells suggests a process controlled by increased Cx43 mRNA transcription in PG tumor cells. Furthermore, reduction of frequency of colony formation in soft agar indicates that after transfection with Cx43, the malignant growth properties of PG cells have also been attenuated. Tumor cell growth in vivo is under more complicated conditions than in vitro, and provides a more convincing test of tumor malignancy. After transplantation of tumor cells into nude mice, significant differences were observed between some Cx43 transfected PG clones and parental or control PG clones. PG/C4 not only showed slow-growing tumors but also a prolonged latent time. Tumors in the control group grew fast, were larger in size and in weight, and were up to four times the size of PG/C4 tumors at the time the mice were killed. However, it is important to note that not all Cx43 transfectants demonstrated reduced growth. The two clones that consistently demonstrated significantly reduced growth in vitro and in vivo, PG/C2 and PG/C4, also expressed the highest level of Cx43 mRNA. In contrast, the growth of the 1893 clones that displayed low levels of Cx43 mRNA was not significantly altered. This is similar to earlier studies where the degree of growth suppression correlated with the level of Cx43 expression following transfection (14, 32) . However, in the present study, immunostaining of Cx43 in these other transfectants indicated that not all the Cx43 protein was localized to areas of cell-cell contact. In addition, clones with less Cx43 expression also displayed lower levels of dyecoupling.
The stable expression of Cx43 in PG/C4 after 3-20 more generations under cultured conditions as well as after a long period of in vivo growth suggests that the transfected Cx43 cDNA has been integrated into the PG cell genome. The possibility exists that insertion of vector cDNA into the host cell genome might bring about additional effects, which may block growth factor gene transcription to cause growth inhibition. These were rendered less likely by the blank-vector transfected control clones, which maintained the same growth characteristics of the parental PG cells. In both in vitro and in vivo conditions, functional expression of the Cx43 gene correlated closely to growth inhibition of PG/C4 cells and suggests that GJIC governed by the exogenous Cx43 gene is the most possible pathway for the inhibition of tumor growth.
However, some additional questions remain to be answered. Since we have noted that normal lung cells express the additional gap junction proteins Cx40 and Cx45 (unpublished observation), what roles do they play in normal lung cells? How are they expressed in PG carcinoma cells, and how might they regulate gating and channel size of gap junctions, as well as the charge of molecules passing through these channels? Examinations to study expression of the other connexin members and their correlations with gap junction function and malignant behaviors in lung tumor cell lines of differential tumorigenic capacities would be important to answer these questions. Examination of several mouse and human lung carcinoma cell lines failed to reveal expression of connexins other than Cx43 (30) . Data from others and ourselves suggests that the suppressing effect of Cx43 gene is at the transcriptional level (14, 16, (27) (28) (29) . Since gene transcription is adjustable and modifiable, our data provide clues to the basic investigation on therapeutics of lung tumors including development of antitumor drugs.
